Background/Aims: The epithelial sodium channel (ENaC) in cortical collecting duct (CCD) principal cells plays a critical role in regulating systemic blood pressure. We have previously shown that cholesterol (Cho) in the apical cell membrane regulates ENaC; however, the underlying mechanism remains unclear. Methods: Patch-clamp technique and confocal microscopy were used to evaluate ENaC activity and density. Results: Here we show that extraction of membrane Cho with methyl-β-cyclodextrin (MβCD) significantly reduced amiloride-sensitive current and ENaC single-channel activity. The effects were reproduced by inhibition of Cho synthesis in the cells with lovastatin. We have previously shown that phosphatidylinositol-4,5-bisphosphate (PIP 2 ), an ENaC activator, is predominantly located in the microvilli, a specialized apical membrane domain. Here, our confocal microscopy data show that α-ENaC was co-localized with PIP 2 in the microvilli and that Cho was also co-localized with PIP 2 in the microvilli. Either extraction of Cho with MβCD or inhibition of Cho synthesis with lovastatin consistently reduced the levels of Cho, PIP 2 , and ENaC in the microvilli. Conclusions: Since PIP 2 can directly stimulate ENaC and also affect ENaC trafficking, these data suggest that depletion of Cho reduces ENaC apical density and activity at least in part by decreasing PIP 2 in the microvilli.
Introduction
ENaC in the distal nephron plays an important role in maintaining Na + homeostasis and controls systemic blood pressure. Gain-of-function mutations of ENaC cause hypertension, as seen in Liddle Syndrome [1] [2] [3] . Hypercholesterolemia, high plasma Cho, is often associated with hypertension. These two facts have encouraged investigators to examine a possible role of Cho in regulating ENaC. The initial studies show that Cho and its sequestering agent, MβCD, are unable to alter ENaC activity, if it was applied to the apical membrane of A6 distal nephron cells [4, 5] . However, unlike the Cho in the basolateral membrane, the Cho in the outer leaflet of the apical membrane of renal epithelial cells is tightly packed with sphingolipids [6, 7] . Due to this fact, the Cho in the outer leaflet is difficult to be extracted by MβCD or high-density lipoprotein (HDL) [6, 8] . Indeed, our studies have shown that a relatively high concentration of MβCD is required for MβCD to efficiently extract Cho out of the apical membrane and regulate ENaC [9] . However, it remains unknown how Cho regulates ENaC.
The apical membrane of epithelial nephron cells contains protrusions called microvilli to increase the surface area for its transporting function. Scanning ion conductance and atomic force microscopy studies suggest that microvilli exist in the distal nephron A6 cells [10, 11] . Atomic force microscopy studies also suggest that ENaC may be mainly located in the microvilli [11] . This exciting discovery requires further investigation because it was only based on an antibody to ENaC without showing the specificity of the antibody. Another exciting discovery is that extraction of Cho out of the outer leaflet of the apical membrane with MβCD induces Madin-Darby canine kidney cells to lose their microvilli [12] . We have recently shown that MβCD can also excise the microvilli of CCD principal cells to release vesicles from the apical membrane [13] . These studies together suggest a hypothesis that depletion of the outer leaflet Cho may reduce ENaC density by destruction of the microvilli. We have also shown that inhibition of Cho efflux from the inner leaflet of A6 cell apical membrane with ABC transporter inhibitors increases intracellular Cho and ENaC activity [14] . Therefore, Cho may not only affect ENaC density via its outer leaflet localization, but may also regulate ENaC activity via its inner leaflet localization.
Several lines of evidence have shown that anionic phospholipids in the inner leaflet of the plasma membrane, especially PIP 2 , stimulate ENaC [15] [16] [17] . We have shown that anionic phospholipids including PIP 2 can bind to all three ENaC subunits and directly stimulate ENaC in distal nephron A6 cells [18, 19] . Recently, we have also shown that PIP 2 is predominantly located in microvilli and that PIP 2 distribution between microvilli and non-microvillar planar region depends on Cho synthesis in the CCD cells [13] . In the outer leaflet, Cho interacts with sphingolipids via hydrogen bonds to form membrane microdomains, also referred as lipid rafts [20] [21] [22] . Atomic force microscopy shows that the rafts in artificial membranes exist in a Cho-dependent manner [23, 24] . In the inner leaflet, however, Cho may also interact with PIP 2 to form PIP 2 microdomains or to localize PIP 2 in lipid rafts [25] [26] [27] . There are technical limitations for the determination of PIP 2 microdomains. First, lipid rafts or microdomains are considered as structures not only in nanometer range, but also dynamic [22, 28, 29] . Second, PIP 2 is located in the inner leaflet, which is inaccessible in intact cells. In contrast, the determination of PIP 2 distribution between microvilli and planar region is feasible. We have already shown that PIP 2 is predominantly localized in microvilli [13] . However, it is unclear whether ENaC and Cho are also localized in microvilli and, if so, whether Cho affects the microvillar localization of PIP 2 and ENaC.
In the present study, using patch-clamp techniques combined with confocal microscopy, we show that both ENaC and Cho are predominantly co-localized with PIP 2 in microvilli and that depletion of Cho reduces ENaC density and activity by decreasing PIP 2 in the microvilli. 
Materials and Methods
Cell Culture Xenopus A6 distal nephron cells were purchased from American Type Culture Collection (Rockville, MD) and cultured as we previously reported [30] . The medium contained 2 parts of DMEM/F-12 (1:1) medium (Invitrogen), 1 part of H 2 O, 15 mM NaHCO 3 (total Na + = 101 mM, which is ideal for amphibian A6 cells), 2 mM L-glutamine, 10% fetal bovine serum (Invitrogen), 25 U/ml penicillin, 25 U/ml streptomycin. A6 cells were cultured in plastic flasks in the presence of 1 µM aldosterone at 26 o C and 4% CO 2 . After the cells became 70% confluent in plastic flasks, A6 cells were plated on the polyester membrane of either Snapwell inserts (Corning Costar Co) for patch-clamp experiments or Transwell inserts (Corning Costar Co) for confocal microscopy experiments and measurement of amiloride-sensitive Na + current. The cells were cultured for two to three weeks to allow them to be fully polarized before each experiment. The mouse CCD principal cell line (mpkCCD c14 ) [31] was also used in the study and cultured on Transwell inserts with permeable polyester membranes, as we previously reported [32] . Briefly, the mpkCCD c14 cells were incubated in a 1:1 mix of DMEM/F12 medium (Invitrogen, Carlsbad, CA) supplemented with 50 nM dexamethasone, 1 nM triiodothyronine, 20 mM HEPES, 2 mM L-glutamine, 0.1% penicillin/streptomycin, and 2% heat inactivated FBS. Cells were maintained at 37° with 5% CO 2 in air for two to three weeks until forming a confluent monolayer and becoming fully polarized.
Patch-clamp Recordings
Cell-attached recordings of ENaC single-channel currents from A6 cells were carried out using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA). As previously described [14] , prior to the experiments, A6 cells cultured on the polyester membrane of Snapwell inserts were thoroughly washed with NaCl solution containing (in mM): 100 NaCl, 3.4 KCl, 1 CaCl 2 , 1 MgCl 2 , and 10 HEPES; pH was adjusted to 7.4 with NaOH. The glass micropipette was filled with NaCl solution (the pipette resistance was ranged from 7 to 10MΩ). NaCl solution was also used for the bath in the patch chamber. Single-channel currents were obtained with applied pipette potentials of 0 mV, filtered at 1 kHz, and sampled every 50 µs with Clampex 10.2 software (Molecular Devices, Sunnyvale, CA, USA). All experiments were conducted at room temperature (22-24°C). The total numbers of functional channels in the patch were estimated by observing the number of peaks detected on the current amplitude histograms during at least 10 min recording period. Each experiment was started after the first 2-min recordings when the ENaC activity had stabilized. The open probability (P O ) of ENaC under control conditions and after each experimental manipulation was calculated using Clampfit 10.2 (Molecular Devices, Sunnyvale, CA, USA).
Measurement of Amiloride-sensitive Na
+ Current After cultured on the polyester membrane of Transwell inserts for two to three weeks, A6 cells were fully polarized and formed cell monolayer. The voltage (V) and resistance (R) across the cell monolayer were measured with electrodes connected to a Volt Ohm Meter, the EVOM (World Precision Instruments, Sarasota, FL). The transepithelial current (I) was calculated according to Ohm's law (I = V/R) and corrected for the surface area of the polyester membrane. The amiloride-sensitive Na + current (I Na ) rather than the transepithelial current was used to analyze ENaC activity. To calculate the amiloride-sensitive I Na , the total transepithelial current was subtracted with the current after blockade of ENaC with 1 µM amiloride.
Transfection of mpkCCD c14 Cells
In this set of experiments, mpkCCD c14 cells were used because the transfecting efficiency of these cells was much higher than that of A6 cells. Therefore, mpkCCD c14 cells were plated on the polyester membrane of Transwell inserts at a high density to allow the cells to be confluent within three days. Cells were incubated with DNA constructs of either enhanced green (or yellow) fluorescence protein (EGFP or EYFP)-tagged pleckstrin homology domain (PHD) of phospholipase C (PLC) δ1 (EGFP-PHD-PLCδ1 or EYFP-PHD-PLCδ1, respectively) or enhanced cyan fluorescence protein (ECFP)-tagged α-ENaC (ECFP-α-ENaC) in the presence of Lipofectamin 2000 for 6 h. The cells were then incubated with regular culture medium for two days before performing the confocal microscopy experiments. 
Confocal Microscopy Imaging
Olympus confocal microscope (FV-1000, Japan) was used. Prior to the confocal microscopy experiments, cells were washed twice with saline containing (in mM) 145 NaCl, 5 KCl, 1 CaCl 2 , 1 MgCl 2 and 10 HEPES; adjusted pH to 7.4 with NaOH. To co-localize PIP 2 with α-ENaC in microvilli, live mpkCCD c14 cells expressing both EYFP-PHD-PLCδ1 and ECFP-α-ENaC were used. To co-localize Cho with PIP 2 in the microvilli, the cells expressing EGFP-PHD-PLCδ1 were fixed with 4% paraformaldehyde for 15 min and then staining with filipin for 15 min. The polyester membrane that supports the cell monolayer was excised and mounted on a glass slide with either a drop of NaCl solution for live cells or a drop of a mounting solution for fixed cells. Confocal microscopy XY scanning of the cells at the microvillar level was accomplished within 10 min. XY optical sections were performed to provide a flat view of the cell surface at the microvillar level. In each set of experiments, images were taken using the same parameter settings.
Statistical Analysis
Data is reported as mean values ± SE. Statistical analysis was performed with SigmaPlot and SigmaStat software (Jandel Scientific, CA). Student t test was used for comparisons between two groups whereas paired t-test was used for comparisons between pre and post treatment activities. Analysis of variance (ANOVA) was used for multiple comparisons among various treatment groups. Results were considered significant if p < 0.05.
Results

MβCD and lovastatin reduce amiloride-sensitive current and ENaC single-channel activity
To determine if Cho regulates ENaC, we either acutely extracted Cho in the apical membrane of A6 distal nephron cells with 50 mM MβCD for 30 min or inhibited Cho synthesis by treating the cells with 25 µM lovastatin for 24 h. First, amiloride-sensitive short-circuit current across the A6 monolayer which represents ENaC activity was measured. The data show that both MβCD and lovastatin significantly reduced amiloride-sensitive current (Fig.  1A) . To examine ENaC single-channel activity, cell-attached patches were established in the apical membrane. Consistent with the results from short-circuit current measurement, both MβCD and lovastatin significantly reduced ENaC activity by decreasing the number of active ENaC in the patch and ENaC open probability (P O ) (Fig. 1B-D) .
MβCD and lovastatin reduce α-ENaC and PIP 2 in the microvilli
We have recently shown that the ENaC activator PIP 2 is located in microvilli and that its levels are regulated by lovastatin [13] . To determine whether depletion of membrane Cho Fig. 2A) . After treatment of the cells with 50 mM MβCD to extract the Cho in the outer leaflet of the cell membrane, the cyan fluorescent intensity which represents the levels of α-ENaC was significantly decreased, whereas the total yellow fluorescent intensity which represents the levels of PIP 2 was also significantly decreased ( Fig.  2B and C) . Similarly, after treatment of the cells with 25 µM lovastatin to inhibit Cho synthesis in the cells, the fluorescent intensity which represents both α-ENaC and PIP 2 was significantly decreased (Fig. 3A-C) . These data suggest that α-ENaC is co-localized with PIP 2 in microvilli via a Cho-dependent mechanism.
MβCD and lovastatin reduce Cho and PIP 2 in the microvilli
To determine if Cho is colocalized with PIP 2 in microvilli, we performed confocal microscopy XY optical sections using the mpkCCD c14 cells transfected with plasma DNA containing EGFP-tagged PHD of PLCδ1 to visualize PIP 2 and then stained with filipin, a fluorescent compound which can bind to Cho to visualize Cho. The data show that Cho was predominantly co-localized with PIP 2 in microvilli and that both Cho and PIP 2 were significantly reduced after treatment of the cells with 50 mM MβCD for 30 min (Fig. 4A-C) . Similarly, after treatment of the cells with 25 µM lovastatin for 24 h both Cho and PIP 2 were also significantly reduced (Fig. 5A-C) . Since we have recently shown that the lipid rafts Cell
which are Cho-rich microdomains are mainly located in microvilli [13] , these data suggest that CCD cells can synthesize Cho and that Cho accumulates in microvilli with PIP 2 to form a unique membrane microdomain to regulate ENaC activity.
Discussion
The present study, for the first time, shows that ENaC is co-localized with its activator PIP 2 in the microvilli via a Cho-dependent mechanism. We have previously shown that Cho in the outer leaflet of the apical cell membrane is difficult to be extracted with MβCD, but participates in the regulation of ENaC [33] . Therefore, two different approaches are used here to manipulate Cho levels in the apical membrane of distal nephron cells. First, a high dose of MβCD is used to acutely extract the Cho in the outer leaflet of the plasma membrane. Second, lovastatin is used to inhibit Cho synthesis in the cells. We show that deletion of Cho through both approaches can significantly reduce ENaC activity and apical density. It is known that a high dose of MβCD excises the microvilli from the apical membrane in a manner like tremendously accelerated exocytosis [13, 34] . Therefore, we argue that the reduction of ENaC apical density at least in part is due to the loss of microvilli. This argument is supported by a previous report showing that ENaC may be located in microvilli [11] . By expressing a fluorescence-tagged α-ENaC in the cells, here we have confirmed that ENaC is localized in the specialized apical membrane, microvilli. Consistent with our recent report [13] , we show that PIP 2 is also localized in microvilli. We argue that the remaining ENaC with lower activity after extraction of Cho may reflect the ENaC in the basal part of microvillar membrane which is fused and flattened after the tremendous exocytosis induced by MβCD. Although inhibition of Cho synthesis in the cells with lovastatin produces similar effects as extraction of membrane Cho with MβCD, they may have different mechanisms. Previous electron microscopy studies show that lovastatin does not alter the microvillar structure [34] . Consistently, our recent studies also show that a short-term treatment of the cells with lovastatin appears to be unable to affect the morphology of microvilli, but reduces PIP 2 in microvilli by causing phosphatidylinositol-4-phosphate 5-kinase (PI5K) to diffuse from microvilli into the planar region of the apical membrane [13] . Since inhibition of Cho synthesis in the cells with lovastatin should first reduce the Cho in the inner membrane leaflet, we argue that the inner leaflet Cho may not be very important for maintaining microvillar structure, but is very critical for maintaining the levels of PIP 2 in the microvilli. We and others have shown that PIP 2 can directly stimulate ENaC [15, 17] . Since previous studies demonstrate that PIP 2 is also involved in protein trafficking [35] [36] [37] , we argue that the decreased PIP 2 after lovastatin treatment may be not only responsible for the reduced ENaC activity, but also account for the reduced ENaC density. These findings have physiological significance, because here we show that Cho may serve as an intracellular signaling molecule by interacting with PIP 2 . These findings also have pathological significance, because hypercholesterolemia, which should eventually elevate Cho levels in CCD cells, is often associated with hypertension. Since statins are very common Cho-lowing drugs used for treatment of hypercholesterolemia, they may reduce the incidence of hypertension in hypercholesterolemic patients by down-regulating ENaC. However, the role of ENaC in mediating hypercholesterolemia-induced hypertension remains to be determined in animal models.
Nevertheless, the two possible mechanisms are not contradictory because the Cho in the outer leaflet interacts with sphingolipids with long fatty acid chains via hydrogen bonds to form lipid rafts [21, 22] . Since the inner leaflet does not contain any sphingolipids, the Cho in the inner leaflet is unable to be tightly packed to form lipid rafts. The trafficking of Cho between inner leaflet and cytoplasm should be much easier than that between the outer and inner leaflets. Cho in the inner leaflet is known to interact with PIP 2 which is associated with cytoskeleton [38, 39] . It is well known that PIP 2 is a strong activator of ENaC [15] [16] [17] . We have shown that PIP 2 can bind to all three ENaC subunits and directly stimulate ENaC in excised inside-out patches [18] . Therefore, the decreases of PIP 2 in microvilli where ENaC is located should account for the reduction of ENaC activity caused by depletion of Cho. The present study also shows that there is a lot of Cho accumulated in the basal body of the primary cilium (as indicated by white arrows in Fig. 4A and Fig. 5A ). Recent studies suggest that elevated intracellular Cho can shorten the primary cilium [40, 41] . Since it is known that the primary cilia control the release of ATP [42] and that ATP strongly inhibits ENaC [43, 44] , it would be interesting to explore whether Cho can also alter ENaC activity by modulating the length of cilia.
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